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Atomic ordering of ferromagnetic alloys, such as Heusler compounds, vastly influences their magnetic
properties and overall usability. However, in some cases x-ray diffraction cannot unambiguously determine the
correct atomic structure, which hampers further research. In this paper, we analyze the atomic ordering using
spectroscopic ellipsometry—a simple tabletop method that researchers can use in situ during sample deposition.
The Co,Fe(Gaj5Ge s) Heusler compound was chosen for the analysis, as the atomic ordering greatly influences
its spin-polarizing capabilities. The ellispometric results are confronted with x-ray diffraction and with the help
of ab initio calculations the qualitative changes in the optical response are linked to the changes in atomic

ordering.

DOLI: 10.1103/PhysRevB.106.144102

I. INTRODUCTION

In the past three decades, ferromagnetic Heusler com-
pounds [1,2] have gained a significant amount of attention in a
vast number of research fields. Owing to their extremely flex-
ible electronic structure, their possible utilization spans from
magnetic shape memory technology [3-5] to topological insu-
lators [6—8]. Because of the half-metallic character of certain
Co-based Heusler compounds, these materials have also been
investigated due to their application potential in the rapidly
evolving field of spintronics [9]. Detailed research [10] has
led to the development of a unique half-metallic ferromagnet,
CozFe(Ga0,5Geo,5) (CFGG)

The electron structure of CFGG allows for spin polariza-
tion of up to 93% at 10 K, which is approximately 20% higher
than in other Co-based Heusler compounds [11]. Moreover,
CFGG stays highly spin polarized even at room temperatures,
being 84% at 290 K [12]. High spin polarization is a material
property necessary for proper functionality of most spintronic
devices, including current-perpendicular-to-plane giant mag-
netoresistance pseudo spin valves (CPP-GMR PSVs) [13-17].
CFGG-based CPP-GMR PSVs give a magnetoresistance ra-
tio of 183% at 10 K [16] making them possible successors
to magnetic tunnel junctions. CFGG has also found use as
a component of the all-metallic lateral spin valves (LSVs).
LSVs can be used as reading heads in 0.3 Tbit/cm? magnetic
recording systems and their design provides less spin torque
noise in comparison to CPP-GMR PSVs. Takahashi et al. [18]
had investigated CFGG as a possible spin-polarized electron
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source and reported a spin signal of 12.8 mW for CFGG-based
LSVs at room temperature.

As is the case of most Heusler compounds, the remarkable
properties of CFGG are vastly influenced by its crystal-
lographic ordering [19]. In CFGG, four types of ordered
structures can be present: A2, B2, D03, and L2;. Only L2;-
and B2-ordered CFGG exhibits half-metallic properties; A2
and DO0j phases are therefore undesired from the application
point of view. In literature, L2; is referred to as the Heusler
structure, while A2, B2, and D03 are often classified as atomic
disorders [20-22].

Postdeposition annealing is a common way of inducing
atomic order in Heusler compounds. After deposition at
700 K, CFGG tends to be A2 ordered and B2 or L2; ordering
is achieved through annealing above 800 K [11]. At these
temperatures, however, D03 ordering (Co atoms randomly
swapping sites with Fe in the Heusler structure) begins to play
a considerable role as well [19]. Due to the similar form factor
of the antisites, D03 ordering is virtually indistinguishable
from L2; ordering using standard x-ray diffraction (XRD).
Therefore, the investigation of atomic ordering in CFGG
remains a challenge as it requires synchrotron facilities to
succeed.

Recent studies of semiconductors suggest that changes
in electronic structure caused by heat treatment are directly
observable in the spectral dependence of the dielectric func-
tion [23,24]. Spectroscopic ellipsometry has been employed
to probe the electronic structure and investigate the transition
from an amorphous to a crystalline state.

Various atomic ordering also results in a slightly different
electronic structure of Heusler compounds around Fermi en-
ergy [25,26]. These differences may change the value of spin
polarization, net magnetic moment, or electric conductivity.
Since the optical properties of material are defined by its band
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FIG. 1. Atomic force microscopy scan of a CFGG sample deposited at (a) 900 K and (b) 1200 K. The initial labyrinthlike structure breaks
into separate columns with higher deposition temperature. The right-hand axis represents the height of the surface structures in nanometers.

structure [27], a variation in atomic order should project itself
as a change in optical response.

This implies the possibility to utilize spectroscopic ellip-
sometry and systematically investigate the amount of various
ordered structures in CFGG. The advantage of ellipsometry is
the relatively simple in situ implementation for monitoring the
development of atomic ordering during the deposition process
and following postdeposition annealing.

In this work, we have systematically studied the optical
properties of CFGG thin films deposited at various temper-
atures in a broad spectral range (0.7-6.5 eV). With the help of
ab initio calculations, we link changes in the optical proper-
ties of the investigated samples to changes in their electronic
structure due to the presence of different atomic orders.

II. EXPERIMENTAL DETAILS

Nominally 20-nm-thick films of epitaxial CFGG were de-
posited on a (100) MgO substrate using an ultrahigh-vacuum
DC magnetron sputtering system in Ar atmosphere at 4 x
10~2 mbar. In order to achieve various types of atomic order-
ing, the samples were deposited at temperatures ranging from
900 to 1200 K. As was later confirmed by XRD, the atomic
ordering of the samples changes with deposition temperature.
To prevent oxidation, the CFGG films were capped with a
3-nm-thick Pt layer.

The samples were structurally characterized by x-ray
reflectivity (XRR) and XRD using a Rigaku SmartLab diffrac-
tometer equipped with a rotating copper anode and a HyPix
3000 two-dimensional detector. Their optical properties were
investigated by spectroscopic ellipsometry. The spectral de-
pendence of the ellipsometric parameters ¥ and A was
measured for each sample using an RC2 Woollam ellipsome-
ter with dual rotating compensators. The measurements were
done in reflection mode at angles of incidence of 55°, 60°, and
65° in the photon energy range from 0.7 to 6.5 eV at room
temperature. The dielectric function was obtained by fitting
the experimental data using the WOOLLAM COMPLETEEASE
proprietary software. The atomic force microscopy (AFM)
scans were carried out using a WITec Alpha 300 microscope.

Ab initio calculations of the density of states (DOS)
have been performed using the Green’s function formula-
tion of the tight-binding linear muffin-tin orbital (TB-LMTO)

method [28]. The Heusler phase (cubic L2; structure) was
assumed to have a = 0.5736 nm [29]. The other phases (B2
and DO03;) have different occupation of lattice sites, but we
assumed the same lattice constant as for L2. Random occupa-
tion of the Ga/Ge site was treated using the coherent potential
approximation.

III. RESULTS AND DISCUSSION

AFM scans of the sample surface are displayed in Fig. 1.
The scans revealed labyrinth-like patterns on the surface of
the samples deposited at lower temperatures (in agreement
with [19]). When increasing the deposition temperature, the
surface starts to break into columns that can be up to 20 nm
high.

The XRR data measured on all samples are shown in
the Supplemental Material [30] (Fig. S1). The measured
reflectivity profiles were fitted using a theoretical model
of a multilayered structure containing rough interfaces (for
more details, see [31]). The fitting procedure utilized the
Levenberg-Marquardt algorithm applied on the logarithm of
intensities and the fitted parameters were adjusted to achieve
the best agreement with experimental data. The resulting pa-
rameters are listed in Table I.

The results suggest lower quality of the Pt capping layer,
since the roughness of the interfaces air-Pt and Pt-CFGG is
in the same range as the thickness of the Pt layer. Moreover,
the resulting relative electron density is lower than one which
points to the possible presence of porosity or holes in the cap-
ping layer. This is in agreement with the AFM measurements
which also revealed high roughness of the sample surface
(interface air-Pt) and its columnar character. The thicknesses
of the CFGG layers are close to their nominal values (approx-
imately 20 nm).

The XRD 60-260 measurements showing (200) and (400)
reflections together with the in-plane (111) scan for all in-
vestigated samples are shown in Fig. 2. The evolution of the
amplitude of all diffraction peaks is clearly visible, especially
for (111) diffraction. This clearly shows the change in the
atomic ordering with deposition temperature and will be dis-
cussed in following paragraphs with respect to ellipsometric
analysis.
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TABLE 1. The parameters of individual multilayers resulting from the XRR fit. 7p, thickness of the Pt capping layer; Tcrge, thickness of
the CFGG layer, and o.p;, 0pi.crcG, and ocrae.sun the roughnesses of the individual interfaces defined as the root-mean-square deviation from

the average position (in the vertical direction) of the interface.

Dep. temperature (K) Tp (nm) Tcrgg (nm) Oair-Pt OP-CFGG OCFGG-sub
1200 1.1 18.0 1.8 0.6 1.3
1100 1.5 18.7 1.3 0.1 14
1000 14 19.1 0.4 0.6 14
900 0.5 15.7 1.5 0.4 1.1

In order to deduce the spectral dependence of the dielectric
function from the ellipsometric data, we considered a model
structure consisting of the following layers: An MgO sub-
strate, a CFGG layer, and a mixed layer of CFGG, Pt, and
air that represents the surface of the sample. In the last layer,
the components are intermixed using Bruggeman’s approach
to the effective medium approximation. The content of CFGG
in the surface layer was fixed at 50%, while the content of
Pt was estimated from the AFM-determined roughness of the
sample and the nominal thickness of the Pt layer. The optical
constants of the MgO substrate and the Pt capping layer were
taken from literature [32,33].

First, the spectral dependence of the dielectric function of
CFGG was calculated from the experimental results using
B-spline interpolation, and its imaginary part is displayed in
Fig. 3. A marginal shift in the energy of one of the local
maxima in the imaginary part of the dielectric function was
observed; as the deposition temperature rises, the local maxi-
mum shifts towards higher photon energies and broadens (see
Fig. 3). In order to qualitatively describe this phenomenon, a
set of mathematical approaches was used to parametrize the
optical response of the samples (Fig. 4). The experimental
spectra of W and A together with the fitted data are shown
in the Supplemental Material [30] (Fig. S2). The fit describes
the experimental data well for all investigated samples.

Optical properties in the near-infrared region were de-
scribed by the Drude model [34] (represented by optical
conductivity opc and mean scattering time 7), which ac-
counts for the optical response of free charge carriers. The
dependence of free electron contribution to permittivity & on
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FIG. 2. XRD 6-20 measurements for all the investigated samples
with highlighted (200), (400), and in-plane (111) reflections.

photonic energy can be expressed by

—-EZCﬁDC

¢E) = CE T hE)

Interband transitions which exhibited themselves as local
extrema in the spectral dependence of the dieletric function
were described by Tauc-Lorentzian oscillators, represented by
transition energy Ey, amplitude A, full width at half maximum
C, and band-gap energy E,. Within this approach, the imag-
inary part of ¢ above the band gap can be expressed by the
following equation:

1 AEC(E — E,)?

e(E) = z 5 .
(E* — E})” + C2E?

The Tauc-Lorentz approach is commonly used for semi-
conductors as it reflects absorption of materials in the vicinity
of a defined energy band gap. Since CFGG exhibits half-
metallic behavior, the optical properties originating from
electronic transitions in the minority spin channel should be
described using this approach.

The model parameters along with thicknesses of the lay-
ers were fitted to the experimentally determined values of
¥ and A. The initial values of layer thicknesses were taken
from the results of XRR. The initial values of the interband
transition energies of the electronic transitions, taken from
the calculated DOS of the distinctively ordered CFGG. The
total DOS for L2;-, B2-, and D0s-ordered CFGG are shown in

207 Deposition
temperature
— 900K
=157 —1000 K
= 1100 K
- — 1200 K
10

1 2 3 4 5 6
Photon energy [eV]
FIG. 3. Spectral dependence of the imaginary part of the dielec-
tric function of CFGG calculated from the experimental results using
a combination of Drude and Tauc-Lorentz models. The black arrow

symbolizes the increase of deposition temperature of the investigated
samples.
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FIG. 4. The optical response of a CFGG sample deposited at
1000 K decomposed into individual oscillators. The experimen-
tally determined dielectric function (full line) can be divided into
contributions of four independent terms (dashed lines): The Drude
term, representing the influence of free electrons, and three Tauc-
Lorentzian oscillators resulting from minority-spin channel optical
transitions.

Fig. 5. In the semiclassical theory of light-matter interaction
the spectral dependence of Im(e) arising from the single-
electron transition across energy difference is proportional to
the joint density of states (jJDOS). This physical quantity is a
combined density of the pair of energy states, initial and final.
The common approach to quantitatively explain in detail all
spectral structures in the optical response of materials is to
calculate the jJDOS and afterwards € [35-38]. However, the
ab initio TB-LMTO code, which can handle various atomic
orderings without the necessity of a supercell approach, did
not allow for this procedure. Therefore we limit ourselves
to only a qualitative description of the changes in optical
response with respect to the main DOS features for different
atomic orderings. The detailed link between the electronic
structure and optical properties is beyond the scope of this
paper.

The calculated total DOS implies metalliclike behavior of
the majority spin electrons regardless of the atomic ordering
of CFGG (this fact was accounted for by the Drude term in the
ellipsometric model). However, in the minority-spin channel
the total DOS differs significantly for various atomic order-
ings. For the B2 and L2, orderings, Fermi energy lies in an
energy gap, making the material half-metallic. While the band
gap induced by the L2, ordering is approximately 0.14 eV
wide, the width of the band gap originating from the B2 order
is 0.10 eV. Since there are only few extrema in the DOS
for the minority spins located below Fermi energy within the
relatively narrow energy region of 2-2.5 eV, and with respect
to the energy of the main spectroscopic structures in the spec-
tral dependence of the imaginary part of dielectric function
(1.5-2 eV), one could expect two distinguishable electronic
transitions in the minority-spin channel. These transitions are
described by the Tauc-Lorentzian terms in the ellipsometric
model. Due to the presence of B2 ordering in all samples,
the Tauc-Lorentzian terms share a common absorption edge
at 0.10 eV. Figure 5 further demonstrates the fully metallic
character of the DO0s-ordered CFGG, as the D05 structure
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O *
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(&)}
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FIG. 5. The total DOS calculated for CFGG in three different
atomic orderings: (a) L2, (b) B2, and (c) DO;. The upper part of the
plots represents the majority-spin channel, while the lower part rep-
resents the minority-spin channel. The possible spin-down electronic
transitions are denoted by green and blue arrows. The dashed line
marks the position of the Fermi level.

completely suppresses the band gap in the minority-spin chan-
nel.

Based on the ab initio calculations, one can argue that
the transformation from full B2 ordering to full L2, ordering
would result in a shift in energy of one of the electronic
transitions by approximately 0.4 eV (see Fig. 5). We have
deduced the energy of the lower-energy Tauc-Lorentzian term
E\ and found that it rises monotonically with increasing depo-
sition temperature (as listed in Table II). The overall shift in
the energy is approximately 0.16 eV. Moreover, the ab initio
calculations show that in the case of D03 ordering the energy
gap in the minority-spin channel closes, which would appar-
ently increase the DC conductivity of the material. Extracting
the DC conductivity opc from the Drude term revealed its
dependence on the deposition temperature of the samples. The
values alternate between 9 and 30 S m~' as listed in Table II.
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TABLE II. XRD peaks I(111)/1200) ratio compared to the energy
of the electronic transition E, and DC conductivity opc for CFGG
samples deposited at temperatures ranging from 900 to 1200 K.

T /I oo
Dep. temp. (K) (arb. units) Ey (eV) opc (S m™h)
900 0.22 1.36 17.25
1000 0.14 1.41 29.92
1100 0.12 1.50 12.05
1200 0.03 1.52 9.37

opc reaches a maximum at 1000 K and then drastically de-
creases.

The analysis of the integrated intensities of specific Bragg
reflections was performed to determine the amount of L2;-,
B2-, and D03-ordered phases in the samples. As was already
mentioned above, XRD cannot unambiguously distinguish
between the D03 and L2; ordering in CFGG. In our case,
the D03 ordering lies in the random exchange of Co and Fe
atoms in the L2, lattice. The different symmetry of D03 and
L2, still provides a nonvanishing 111 diffraction peak in the
XRD pattern. On the other hand, the symmetry of B2 ordering
leads to the extinction of Bragg reflection (111). Hence, the
ratio of integrated intensities /(11y and /200y is proportional to
the ratio of the amount of the L2;- and D0s-ordered phases to
the amount of B2 phase present in the sample.

The XRD results have therefore revealed that the content
of theL2- and DO0s-ordered phases rises monotonically with
the deposition temperature (Table II). As the deposition tem-
perature increases, the CFGG samples become more L2;- and
DO0s-ordered at the expense of the B2 phase.

In Fig. 6 we qualitatively compare the temperature evo-
lution of I(111y/I200) With the temperature evolution of the
quantities Ey and opc extracted from spectroscopic ellipsom-
etry. As the deposition temperature rises, the content of the B2
phase starts to decrease resulting in an increase of 1(111y/1200)-
The Ej is following a similar trend since the L2;-ordered
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FIG. 6. Temperature evolution of the I111)/I200) XRD intensities
(top panel) compared with the temperature evolution of the transition
energy Ey (middle panel) and the DC conductivity opc (bottom
panel).

CFGG should exhibit a larger gap in DOS for minority spins.
While the transition energy rises almost linearly, the XRD
peaks ratio exhibits a plateau at 1100 K. Such behavior can
be explained by the temperature evolution of opc and so the
D03 phase, showing the maximum at 1000 K. For higher
temperatures the D03 phase starts to be suppressed, resulting
in a decrease of the XRD peaks ratio even if the volume of
the L2; phase still grows. Table II summarizes our results in a
numerical form.

Both the XRD and the spectroscopic ellipsometry results
show that the amount of L2;ordering rises with the deposition
temperature of the CFGG samples, which is in agreement
with previous reports [19]. Additionally, spectroscopic ellip-
sometry allowed one to separate potential contributions from
the D03 and L2 orderings and showed nonmonotonous de-
pendence of the DO; ordering on temperature. Comparing
the temperature-dependent trends in XRD and the ellipsom-
etry results in Fig. 6, one can see reasonable agreement for
the suggested explanation. Here we have to note that for a
metallic-like material, such as CFGG, the penetration depth
of the incident light is only several nanometers, which makes
ellipsometry a preferentially surface-sensitive method, while
XRD probes the subsurface volume of the sample. Never-
theless, similar temperature-dependent behavior of the XRD
and ellipsometric data clearly demonstrates the sensitivity of
spectroscopic ellipsometry to various types of atomic order-
ing and the possibility to separate their contributions. Since
the spectroscopic ellipsometry is a nondestructive technique
which can be implemented in UHV chambers for in situ
measurements, it can provide valuable information during the
optimization of deposition processes.

IV. CONCLUSION

We have investigated the changes in atomic ordering of
CFGG using experimental results obtained by spectroscopic
ellipsometry in combination with ab initio calculations. The
samples were thin-film layers of CFGG deposited at temper-
atures ranging from 900 to 1200 K. The optical response of
the investigated samples was obtained in the photon energy
range from 0.7 to 6.5 eV and the spectral dependence of the di-
electric function was parametrized by a combination of Drude
and Tauc-Lorentz approaches. A notable energy shift of one
of the spectral structures was clearly observed. The energy of
associated electronic transition increased monotonically with
the deposition temperature of the CFGG layers. With the help
of the total DOS provided by ab initio calculations we have
qualitatively described this phenomenon by a gradual increase
of the L2-ordered phase in the investigated layers. Simultane-
ously, the deposition temperature influenced DC conductivity
of the samples deduced from optical measurements. This phe-
nomenon was associated with variations in the D05-ordered
content, since this order results in a band-gap closure in the
minority spin channel. Unlike standard XRD, spectroscopic
ellipsometry was able to distinguish between the L2;- and
DO03-ordered phases. With respect to the possibility of in situ
implementation, this proves spectroscopic ellipsometry to be
a powerful experimental tool for optimization of deposition
processes.
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